Corynebacterium glutamicum is a gram-positive soil microorganism able to secrete large amounts of glutamic acid under suitable conditions (32, 57) . Consequently, this organism been used for a long time for industrial production of amino acids and nucleotides, among other primary metabolites (17) . Moreover, its potential as a commodity chemical producer is the focus of increasing research efforts (21, 39) . Commonly, C. glutamicum is able to grow on various carbon sources, such as hexoses, sugar alcohols, and organic acids (9, 29, 30) . In a future where pentose sugar-rich lignocellulosics should play an important role in global renewable energy, growth of C. glutamicum on pentose sugar-based media is vital to its continued relevance as a producer of commodity chemicals. This has not been possible owing to the lack of essential pentose sugar assimilation pathways in C. glutamicum (4) . This contrasts with the characteristics of two major industrial workhorse bacteria, the gram-negative organism Escherichia coli and the grampositive organism Bacillus subtilis, which can grow on L-arabinose as the sole carbon source using the same metabolic pathway.
L-Arabinose uptake by E. coli and B. subtilis occurs via two distinct systems involving both a low-affinity H ϩ symporter (encoded by araE) and a high-affinity ATP-dependent transport system (araFGH) (5, 18, 45) . After entering the cell, L-arabinose is sequentially converted to L-ribulose, L-ribulose 5-phosphate, and D-xylulose 5-phosphate by the action of Larabinose isomerase (encoded by araA), L-ribulokinase (araB), and L-ribulose-5-phosphate 4-epimerase (araD), respectively ( Fig. 1 ). D-Xylulose 5-phosphate is eventually metabolized through the reductive pentose phosphate pathway (12) . No similar genes for L-arabinose metabolism have been identified in any of the corynebacterial genomes sequenced so far (3, 24, 38, 52, 60) . Nevertheless, L-arabinose metabolism by C. glutamicum was previously achieved by expression of E. coli araA, araB, and araD genes (26) . Although the resulting transformant was able to grow on L-arabinose as the sole carbon source, the specific rate of consumption of L-arabinose decreased with decreasing concentrations of L-arabinose, probably due to deficiencies in L-arabinose transport.
Despite the presence in both E. coli and B. subtilis of highly conserved araA, araB, and araD genes, the organization and regulatory mechanisms in these organisms are different (34, 45, 46, 48) . Among the high-GϩC-content gram-positive bacteria phylogenetically closer to C. glutamicum, on the other hand, a gene cluster for L-arabinose utilization was recently found in two Mycobacterium smegmatis strains, although the genetic arrangements are not identical and the functions of the genes, except araA, have not been determined (50, 53) .
Catabolic genes and operons for L-arabinose utilization in bacteria are generally subject to carbon catabolite repression (CCR) by preferred carbon sources, such as D-glucose (7) . In E. coli, the AraC protein has a dual role in regulation, whereas the product of the regulatory gene (araR) in B. subtilis acts only as a repressor (45, 48) . Moreover, whereas the L-arabinoseinducible expression in E. coli is subject to cyclic AMP receptor protein control, the negative regulation in B. subtilis is subject to catabolite control protein A (CcpA)-dependent carbon control (19, 23) . Unlike the situation in E. coli and B. subtilis, there is little evidence of a global CCR system in C. glutamicum. Indeed, the carbon catabolite regulation of high-GϩC-content gram-positive bacteria is far less stringent than that of low-GϩC-content gram-positive bacteria or other enterobacteria (15) . Comparatively little is known about CCR in Actinobacteria, such as Bifidobacterium longum, C. glutamicum, and Streptomyces coelicolor (41, 42, 55) , and no common mechanisms can be discerned. Simultaneous utilization of D-glucose and other carbon sources, such as acetate, lactate, pyruvate, and D-fructose, is commonly found in C. glutamicum despite its preferential utilization of D-glucose (8, 11, 49, 59) . Tight carbon source control has, nevertheless, been reported with substrate mixtures containing glutamate (31) or ethanol (30) in addition to D-glucose. Sequential sugar utilization has also been observed with sugar mixtures containing D-glucose and pentoses, such as D-xylose and L-arabinose, in aerobically growing recombinant C. glutamicum strains harboring E. coli Dxylose-or L-arabinose-catabolizing genes (26, 27) .
In this study, we screened various C. glutamicum strains and found that only C. glutamicum ATCC 31831 was able to grow well on L-arabinose as a sole carbon source. The gene cluster responsible for L-arabinose uptake, metabolism, and regulation was cloned from the chromosome of this strain, and its sequence was determined. In addition, functions of the genes isolated were determined by performing deletion and heterologous complementation experiments. To clarify the involvement of CCR in the L-arabinose metabolism of this strain, sugar consumption was also investigated using a mixture of D-glucose and L-arabinose under aerobic conditions. In addition, based on the results of a transcriptional analysis in the absence or presence of D-glucose during L-arabinose metabolism, a novel transcriptional regulatory mechanism, distinct from CCR of other bacteria, is described.
MATERIALS AND METHODS
Bacterial strains, media, cultivation conditions, and plasmids. All of the bacterial strains and plasmids used in this study are listed in Table 1 and Table  S1 in the supplemental material, respectively. For genetic manipulations, E. coli strains were grown at 37°C in Luria-Bertani medium (43) . For aerobic growth of E. coli, all recombinant strains were grown aerobically to late log phase in Luria-Bertani medium and then harvested by centrifugation (5,000 ϫ g, 4°C, 10 min). The cell pellets were subsequently washed twice with M9 medium as described previously (43) . After the second wash, cells were inoculated onto M9 agar plates containing either 40 g liter Ϫ1 of D-glucose or 40 g liter Ϫ1 of Larabinose as the sole carbon source. For aerobic growth of C. glutamicum, all wild-type and recombinant strains were grown at 30°C aerobically to late log phase in nutrient-rich A medium (20) supplemented with 40 g liter Ϫ1 of Dglucose, unless indicated otherwise, and then harvested by centrifugation (5,000 ϫ g, 4°C, 10 min). The cell pellets were subsequently washed twice with mineral salt BT medium (20) . After the second wash, cells were inoculated into 100 ml of BT medium containing an appropriate concentration of sugars to obtain an optical density at 610 nm (OD 610 ) of 0.2. The resulting mixture was incubated at 30°C with constant agitation (200 rpm) in a 500-ml flask. Where appropriate, media were supplemented with antibiotics as follows: for E. coli, 50 g ml Ϫ1 of ampicillin, 50 g ml Ϫ1 of chloramphenicol, and 50 g ml Ϫ1 of kanamycin; and for C. glutamicum, 5 g ml Ϫ1 of chloramphenicol and 50 g ml Ϫ1 of kanamycin.
DNA manipulations. Plasmid DNA was isolated from corynebacteria and E. coli as previously described (26) . Chromosomal DNA was isolated from corynebacteria and E. coli by a previously described method (43) , modified by incubation with 4 mg ml Ϫ1 lysozyme at 37°C for 30 min. Restriction endonucleases were purchased from Takara Bio (Shiga, Japan) and used according to the manufacturer's instructions. The PCR conditions were the conditions described previously (26), unless indicated otherwise. All primers used in this study are listed in Table S2 in the supplemental material. The PCR fragments were purified using a QIAquick PCR purification kit (Qiagen). Corynebacteria were transformed by electroporation as previously described (56), whereas E. coli was transformed using the CaCl 2 procedure (43) .
Degenerate PCR. An unknown sequence of the araA gene of C. glutamicum ATCC 31831 was amplified by PCR using chromosomal DNA as the template and primers 1 and 2 with the following program: incubation at 94°C for 1 min, followed by 30 cycles of amplification at 94°C for 1 min and at 45°C for 1 min and finally incubation at 72°C for 1 min. The resulting 391-bp fragment was isolated and purified with a MinElute gel extraction kit (Qiagen) used according to the manufacturer's instructions, and the DNA was sequenced.
Genome DNA walking. The region flanking part of the araA gene of C. glutamicum ATCC 31831 was divergently amplified by PCR using 80 ng of chromosomal DNA as the template with a DNA walking SpeedUp premix kit (Seegene, Maryland) used according to the manufacturer's instructions. Based on analysis of the partial araA sequence, primers 3, 5, and 7 were designed for the first, second, and third PCR to extend the 3Ј terminus of the araA gene, respectively. Likewise, primers 4, 6, and 8 were designed for the first, second, and third PCR to extend the 5Ј terminus of the araA gene, respectively. The sequences of resulting fragments were subsequently determined by DNA sequencing.
Southern hybridization. Southern hybridization was carried out as described elsewhere (43) . Genomic DNA (10 g) was digested with ApaI, EcoRI, HindIII, SacI, SmaI, SphI, or XbaI, fractionated on a 1.0% agarose gel, and transferred to a Hybond-Nϩ membrane (Amersham Biosciences, New Jersey) by capillary blotting. A hybridization probe was amplified by PCR using chromosomal DNA as the template and oligonucleotide primers 9 and 10, and the resulting 2,120-bp fragment was subsequently labeled by using the CDP-Star detection system (Amersham Biosciences) for Southern hybridization ( Fig. 2A) . Hybridization signals were detected with a Fujifilm LAS-1000 image analyzer system (Fuji, Japan).
Cloning of the chromosomal region for L-arabinose utilization. To determine unknown sequences adjacent to the araBDA gene cluster of C. glutamicum ATCC 31831, the flanking region was amplified by inverse PCR. The chromosomal DNA was digested with EcoRI, SacI, SmaI, or SphI, and the ends were ligated in a unimolecular reaction. The resulting circular DNA was used as the template for a PCR. The region flanking the araBDA cluster was divergently amplified by PCR using primers 11 and 12 to obtain 0.4-kb (upon digestion with either SacI or SmaI), 4.0-kb (upon digestion with EcoRI), and 4.5 kb (upon digestion with SphI) fragments. The resulting 3.4-kb PCR product contained the complete araA and araD genes and part of the araB gene. Pairs of oligonucleotide primers (primers 19 and 20, primers 21 and 22, and primers 23 and 24) were designed based on the new extended sequences. Sequence analysis was performed using the same circular DNA derived from EcoRI-and SphI-digested chromosomal DNA as templates and ultimately yielded a 6.5-kb DNA fragment.
In order to extend the 6.5-kb fragment, chromosomal DNA was digested with either ApaI or XbaI, and the ends were ligated in a unimolecular reaction. The resulting circular DNAs were subsequently used as templates for PCR. The DNA flanking regions were divergently amplified by PCR using pairs of oligonucleotide primers (primers 13 DNA sequencing. All sequencing was performed as previously described (44) . Nucleotide sequences were determined using PCR products ligated into plasmid pGEM-T Easy (Promega, Madison, WI) as the templates with primers 17 and 18, unless indicated otherwise. DNA sequence data were analyzed with the Genetyx program (Software Development, Tokyo, Japan). Database searches were performed using the Basic Local Alignment Search Tool (BLAST) server of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov).
Construction of araA, araB, araD, araE, and araR deletion mutants. Deletion mutants C. glutamicum ATCC 31831 were developed using a suicide vector system followed by a two-step homologous recombination procedure as described previously (20) . For araA, plasmid pCRA821 was constructed by PCR amplifying the gene with both of its flanking regions (ϳ500 bp each) using primers 35 and 36 and cloning the resulting fragment into the XbaI site of plasmid pHSG398; pCRA821 was subsequently used to transform E. coli JM109. Plasmid pCRA822 was then constructed by amplifying a truncated fragment from the central region of araA in both directions by performing inverse PCR with pCRA821 as the template and primers 37 and 38. SpeI was used to digest the resulting PCR product, and its ends were ligated in a unimolecular reaction Table 2 . Relevant restriction site are indicated on the partial restriction map.
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L-ARABINOSE METABOLISM IN C. GLUTAMICUM 3421 (10) . E. coli JM109 transformants were selected on the basis of their chloramphenicol resistance. For homologous recombination via a single-crossover event in C. glutamicum ATCC 31831, plasmid pCRA822 was digested with XbaI, and a resulting DNA fragment containing truncated araA was subcloned into the XbaI site of plasmid pCR725 to obtain plasmid pCRA823, which was subsequently used to transform C. glutamicum ATCC 31831 by electroporation using nonmethylated DNA isolated from E. coli JM110, as reported elsewhere (56) . Screening for the first and second recombination events was performed as described previously (20) . Analysis of C. glutamicum transformants, selected on the basis of kanamycin sensitivity and sucrose resistance, eventually yielded a markerless araA deletion mutant (CRA11). Likewise, araB (CRA12), araD (CRA13), araE (CRA14), and araR (CRA15) deletion mutants were constructed. For gene amplification, primers 39 and 40, primers 43 and 44, primers 47 and 48, and primers 53 and 54, respectively, were used to generate plasmids pCRA824, pCRA827, pCRA830, and pCRA833, respectively, for transformation of E. coli JM109; for inverse PCR, primers 41 and 42, primers 45 and 46, primers 49 and 50, and primers 55 and 56, respectively, were used to generate pCRA825, pCRA828, pCRA831, and pCRA834, respectively, for subcloning to plasmid pCRA725; and finally, plasmids of pCRA826, pCRA829, pCRA832, and pCRA835, respectively, were used for transformation of strain ATCC 31831. Moreover, the complete araBDA gene cluster of strain ATCC 31831 was amplified by PCR using primers 33 and 34, and the resulting 4,025-bp fragment was cloned under control of the constitutive lac promoter present in vector pCRA1, yielding plasmid pCRA820. C. glutamicum R was transformed by electroporation with plasmid pCRA820, yielding strain CRA16. Construction of recombinant E. coli strains. In order to construct vectors for expression of ara genes derived from C. glutamicum ATCC 31831 in E. coli, the araA gene was isolated by performing PCR using chromosomal DNA from strain ATCC 31831 as the template and primers 55 and 56. After digestion with EcoRI and PstI, the resulting 1,588-bp fragment was ligated to plasmid pCRA1, yielding plasmid pCRA836. Likewise, plasmids pCRA837 and pCRA838 harboring araB and araD genes, respectively, were obtained using primers 57 and 58 and primers 59 and 60, respectively.
The E. coli araD gene, either alone or in combination with E. coli araA, was isolated separately from the native araBAD operon of E. coli MG1655 by performing PCR and was subsequently cloned to express it constitutively under control of the tac promoter. In order to construct a vector for expressing the E. coli araD gene alone, the E. coli araD gene was amplified by PCR using E. coli chromosomal DNA as the template and primers 61 and 62. The resulting 706-bp fragment was cloned into the EcoRI site of plasmid pCTac, yielding plasmid pCRA839. Plasmid pCRA839 was subsequently digested with BamHI, and the resulting fragment containing the tac promoter fused to the araD gene (P tacaraD; 1,370 bp) was subcloned into the BamHI site of plasmid pSTVK1A, yielding plasmid pCRA840. In order to construct a vector for expressing both the E. coli araA and araD genes, on the other hand, a fragment of chromosomal DNA of C. glutamicum R was amplified by PCR using primers 63 and 64. The resulting 2,161-bp fragment was cloned into the SacI site of plasmid pCR725 to obtain plasmid pCRA841, which was used as a vector for subsequent subcloning. Meanwhile, a 1,370-bp fragment containing the P tac -araD region derived from plasmid pCRA839 was subcloned into the BamHI site of pCRA841, yielding plasmid pCRA842. Similarly, the E. coli araA gene was amplified by PCR using primers 65 and 66, and the resulting fragment was cloned into the EcoRI site of plasmid pCTac, yielding plasmid pCRA843. Plasmid pCRA843 was subsequently digested with MunI, and the resulting 2,183-bp fragment containing the P tac -araA region was subcloned into the MunI site of plasmid pCRA842, yielding plasmid pCRA844. After digestion with BfrI, a fragment containing both the P tac -araD and P tac -araA regions derived from plasmid pCRA844 was blunt ended by the Klenow fragment and subcloned into the HincII site of plasmid pSTVK1A, yielding plasmid pCRA845.
An araA-complemented strain, ERA4, was obtained by introducing plasmid pCRA836 harboring the araA gene derived from C. glutamicum ATCC 31831 into strain JD20291. Because the E. coli araA, araB, and araD genes comprise the araBAD operon (34), strain ERA4 also contained plasmid pCRA840 harboring the E. coli araD gene downstream of the araA gene on the chromosome to avoid polar effects. A negative control strain with no L-arabinose isomerase activity, strain ERA1, harbored plasmid pCRA1 instead of plasmid pCRA836. Likewise, an araB-complemented strain (ERA5) and its negative control (ERA2) with or without L-ribulokinase activity and an araD-complemented strain (ERA6) and its negative control (ERA3) with or without L-ribulose-5-phosphate 4-epimerase activity were constructed by introducing plasmids pCRA837 and pCRA1 in addition to pCRA845 into strain JD20293 and plasmids pCRA838 and pCRA1 in addition to pSTVK1 into strain JD20289, respectively. (26) . Total RNA isolated from the samples was used for quantitative reverse transcriptase PCR (RT-PCR) analysis to determine the mRNA levels in wild-type and CRA15 cells grown on various sugars compared to the levels in the cells of the wild-type strain grown on D-glucose. Quantitative RT-PCR was performed using the ABI Prism 7000 sequence detection system (Applied Biosystems) and a QuantiTect SYBR green RT-PCR kit (Qiagen) according to the manufacturer's instructions. Specific primers (primers 67 to 80) were designed using the Primer Express software (v2.0; Applied Biosystems). The PCR conditions were conditions that were described previously (26) . The comparative cycle threshold method (Applied Biosystems) was used to quantify relative expression. The cycle threshold values were computed by determining the average of triplicate values.
Analytical procedures. The culture samples were centrifuged (10,000 ϫ g, 4°C, 10 min), and the resulting supernatants were analyzed to determine the presence of D-glucose and L-arabinose. Sugar concentrations were determined by highperformance liquid chromatography using an apparatus (8020; Tosoh, Tokyo, Japan) equipped with a refractive index detector and an HPX-87P column (Bio-Rad, California) operating at 85°C with water at a flow rate of 0.6 ml min Ϫ1 as the mobile phase. The cell mass was determined by determining the OD 610 using a spectrophotometer (DU800; Beckman Coulter, California). An OD 610 of 1 corresponded to 0.39 mg (dry weight) of cells per ml.
Nucleotide sequence accession number. The sequence of the C. glutamicum ATCC 31831 ara gene cluster containing genes encoding L-arabinose isomerase (araA), L-ribulokinase (araB), L-ribulose-5-phosphate 4-epimerase (araD), the L-arabinose transporter (araE), the LacI-type transcriptional regulator (araR), and a putative aldose 1-epimerase (galM) has been deposited in the DDBJ/ EMBL/GenBank database under accession number AB447371.
RESULTS
L-Arabinose metabolism is encoded in the chromosome of C. glutamicum ATCC 31831. Unlike E. coli, most corynebacteria do not utilize L-arabinose as a carbon source (4), as shown by the absence of L-arabinose isomerase-, L-ribulokinase-and L-ribulose-5-phosphate 4-epimerase-encoding genes in any of the corynebacteria sequenced to date. Ten C. glutamicum strains, ATCC 13032, ATCC 14297, ATCC 14751, ATCC 14999, ATCC 15136, ATCC 21171, ATCC 21305, ATCC 31831, R, and recombinant strain CRX2 derived from strain R, were screened and randomly selected in BT medium containing L-arabinose as the sole carbon source. The growth of these strains in the presence of L-arabinose was compared to that in the presence of D-glucose. After 24 h of incubation, all of the strains tested were able to grow on D-glucose, but only strain ATCC 31831 was able to grow on L-arabinose after 168 h of incubation. C. glutamicum CRX2, a recombinant expressing the E. coli-derived catabolic pathway for another pentose sugar, D-xylose, and therefore capable of growth on D-xylose (27) , also failed to grow on L-arabinose. Growth on D-xylose, on the other hand, was observed with CRX2 but not with ATCC 31831 (data not shown). These results suggest that a distinct functional pathway for L-arabinose catabolism is encoded only in the chromosome of C. glutamicum ATCC 31831 and that this pathway is independent of that involved in Dxylose catabolism.
araBDA is the order of the L-arabinose catabolism cluster. The observation that C. glutamicum ATCC 31831 possesses a functional pathway for L-arabinose metabolism resulted in the strong suspicion that homologous genes coding for the enzymes L-arabinose isomerase, L-ribulokinase, and L-ribulose-5-phosphate 4-epimerase could be present in this strain. In an effort to isolate these genes, a pair of degenerate oligonucleotide primers based on highly conserved regions of araA, primers 1 and 2, was constructed to amplify the araA gene of C. glutamicum ATCC 31831. The 391-bp PCR product obtained exhibited a high level of similarity to araA genes of other bacteria. Unknown sequences adjacent to this araA gene were subsequently amplified by genome DNA walking. The resulting 2,440-bp PCR product exhibited significant levels of similarity with other bacterial araA, araB, and araD genes. It contained partial araA (1,470 bp) and araB (380 bp) genes, as well as the complete araD gene (720 bp), suggesting that a gene cluster with the order araBDA could be present in this strain.
To determine the whole sequence of the araBDA gene cluster, Southern hybridization of chromosomal DNA was performed using a 2,120-bp DNA fragment containing the partial araBDA cluster as the probe. Single hybridization signals that were different sizes were detected when chromosomal DNA was digested with ApaI (7.6 kb), EcoRI (5.9 kb), HindIII (Ͼ12.1 kb), SacI (2.3 kb), SmaI (2.4 kb), SphI (6.5 kb), or XbaI (9.9 kb). The circular DNAs obtained from the chromosomal DNA digested with ApaI, EcoRI, SacI, SmaI, SphI, or XbaI and subsequently ligated in a unimolecular reaction were used as templates in PCR. The sequence of a flanking region adjacent to the araBDA gene cluster was successively extended by inverse PCR, and a total of 12.1 kb was eventually cloned.
DNA and deduced amino acid sequences for ara genes. Sequence analysis revealed the presence of six putative open reading frames (ORFs) and two partial ORFs in the 12.1-kb cloned fragment (Fig. 2A) . araA, araB, and araD encoded 503-, 576-, and 240-residue products, respectively. Three genes upstream of araB, galM, araR, and araE, encoded 323-, 348-, and 479-residue products, respectively. The GϩC content of the 7.8-kb region between araE and araA (approximately 63%) was significantly higher than those of the regions upstream (55%) and downstream (53%) (Fig. 2B) .
The ara gene products exhibited significant levels of similarity with corresponding bacterial proteins ( Table 2 ), suggesting that araA, araB, and araD encoded L-arabinose isomerase, L-ribulokinase, and L-ribulose-5-phosphate 4-epimerase, respectively. The putative AraA exhibited Ͼ59% similarity to L-arabinose isomerases of Clavibacter michiganensis subsp. michiganensis NCPPB382, Arthrobacter aurescens TC1, Nocardioides sp. strain JS614, and Mycobacterium smegmatis mc 2 155, which are phylogenetic neighbors of the genus Corynebacterium (Table 2) , while it exhibited less than 48% identity to L-arabinose isomerases of E. coli and B. subtilis (accession numbers AP_000726 and NP_390758, respectively) (data not shown). Likewise, the putative AraD protein exhibited Ͼ64% identity to L-ribulose-5-phosphate 4-epimerases of Nocardioides sp. strain JS614, M. smegmatis mc 2 155, and C. michiganensis subsp. michiganensis NCPPB 382, which are phylogenetic neighbors of the genus Corynebacterium (Table 2) , while it exhibited less than 41% identity to L-ribulose-5-phosphate 4-epimerases of E. coli and B. subtilis (accession numbers NP_418619 and CAB14838, respectively) (data not shown). The putative AraB protein exhibited lower levels of identity (Ͼ47%) to D-xylulokinase of Bacteroides vulgatus ATCC 8482, a sugar kinase of Bifidobacterium adolescentis ATCC 15703, and L-ribulokinase of Lactobacillus sakei subsp. sakei 23K (Table 2), while it exhibited Ͻ13% identity to L-ribulokinases of E. coli and B. subtilis (accession numbers AP_000727 and CAB14839, respectively) (data not shown). Moreover, the putative AraR protein exhibited a high level of identity to the LacI transcriptional regulator of Arthrobacter sp. strain FB24 and Nocardioides sp. strain JS614 (46% and 42%, respectively) ( Table 2) , while it exhibited 34%, 24%, and 30% identity to a (Table 2) . Thus, the deduced amino acid sequences encoded by the six genes exhibited relatively high levels of homology to their counterparts in the high-GϩC-content gram-positive bacteria belonging to Actinomycetales.
In the 7.8-kb region containing araA, araB, araD, araE, araR, and galM, GAC codes for aspartate at a frequency of 81%. The same codon occurs at the same frequency in complete proteinencoding genes in M. smegmatis mc 2 155, Nocardioides sp. strain JS614, and Arthrobacter sp. strain FB24. In C. glutamicum R and strain ATCC 13032, on the other hand, GAT is the aspartate codon that occurs with the greatest frequency (approximately 55%). Likewise, 82% of the codons for glutamate in this region are GAG. The same codon occurs more than 71% of the time in complete protein-encoding genes in M. smegmatis mc 2 155, Nocardioides sp. strain JS614, C. michiganensis subsp. michiganensis NCPPB382, and Propionibacterium freudenreichii subsp. shermanii. In C. glutamicum R and strain ATCC 13032, on the other hand, GAA is the glutamate codon that occurs with the greatest frequency (56%). These results indicate that the 7.8-kb of ara gene region was acquired by C. glutamicum ATCC 31831 via a horizontal gene transfer event.
The putative AraR protein was similar to a known LacI family transcriptional regulator (Table 2 ). There was significant sequence conservation in the N-terminal region (residues 14 to 39) of the helix-turn-helix consensus signature sequence of the LacI family and in the C-terminal region (residues 71 to 339) of the repressor domain which belongs to the sugar binding domain of the LacI family (13) . This molecular architecture, the predicted helix-turn-helix motif, and the amino acid similarities suggest that AraR is composed of two functional domains: a smaller N-terminal domain responsible for the DNA binding specificity and a larger C-terminal domain responsible for sugar binding. On the other hand, the putative AraE protein showed similarity to a sugar transporter previously observed in bacteria such as B. licheniformis and L. plantarum (Table 2 ). There was significant sequence conservation in the central region (residues 33 to 474) with sugar (and other) transporters, such as the LacY symporter and a proton symporter belonging to the major facilitator superfamily (1), indicating that araE encodes a proton symporter for L-arabinose uptake.
L-Arabinose-catabolizing genes of strain ATCC 31831 are functionally equivalent to the corresponding E. coli genes. In order to clarify function, the putative L-arabinose-catabolizing genes araA, araB, and araD were disrupted by markerless deletion, yielding strains CRA11, CRA12, and CRA13, respectively (Table 1) . Aerobic growth of the wild-type and resulting mutant strains in BT medium containing either D-glucose or L-arabinose as the sole carbon source (Fig. 3) revealed a wildtype strain with a specific growth rate that was significantly higher on L-arabinose (0.35 h Ϫ1 ) than on D-glucose (0.18 h Ϫ1 ). On the other hand, araA, araB, and araD deletion mutants were unable to grow on L-arabinose (Fig. 3) , although these mutants grew on D-glucose with the same specific growth rate as the wild-type strain (data not shown), suggesting that all three genes are essential for L-arabinose catabolism by C. glutamicum ATCC 31831. The roles of the araA, araB, and araD genes in L-arabinose catabolism were also investigated by using heterologous recombination. The araBDA gene cluster isolated from strain ATCC 31831 was transformed into C. glutamicum R, which is not capable of growth on L-arabinose. One transformant, CRA16, successfully acquired the ability to grow on L-arabinose, although at a reduced specific growth rate (0.23 h Ϫ1 ) compared to that of strain ATCC 31831 (Fig.  3) . These observations suggest that all of the products of araA, araB, and araD are responsible for L-arabinose catabolism in C. glutamicum ATCC 31831.
To confirm the role of each gene product, complementation experiments were conducted using E. coli araA-, araB-and araD-deficient mutants (JD20291, JD20293, and JD20289, respectively). Aerobic growth of all recombinant E. coli strains on M9 medium plates containing either D-glucose or L-arabinose as the sole carbon source (Fig. 4) revealed that araA, araB, and araD deletion mutants ERA1, ERA2, and ERA3, respectively, failed to grow on L-arabinose, but the corresponding complementation strains, strains ERA4, ERA5, and ERA6, respectively, were able to grow on L-arabinose (Fig.  4B) . In contrast, growth on D-glucose was observed for all of the recombinant E. coli strains (Fig. 4A) . These results indicate that the products of araA, araB, and araD derived from C. glutamicum ATCC 31831 are functionally homologous to their E. coli counterparts (L-arabinose isomerase, L-ribulokinase, and L-ribulose-5-phosphate 4-epimerase, respectively).
AraR acts as a transcriptional regulator. In order to clarify the function of the araR-encoded putative L-arabinose transcriptional regulator and its involvement in CCR during Larabinose metabolism, the gene was disrupted by markerless deletion, yielding strain CRA15 (Table 1) . Aerobic growth of the wild-type and resulting araR mutant strains in BT medium containing 3.6 g liter Ϫ1 of D-glucose and 3.6 g liter Ϫ1 of Larabinose revealed that both strains consumed D-glucose and L-arabinose simultaneously (Fig. 5) . The specific growth rates of the two strains were approximately equal (0.22 and 0.25 h Ϫ1 , respectively), and the specific rate of consumption of L-arabinose was comparable to the specific rate of consumption of D-glucose (approximately 0.50 g h Ϫ1 g [dry weight] cells Ϫ1 ) in both strains. These results suggest that L-arabinose metabolism by C. glutamicum ATCC 31831 is not inhibited by D-glucose and that AraR does not affect L-arabinose consumption.
The fact that araR deletion did not affect L-arabinose metabolism does not discount the view that AraR can negatively control the expression of araBDA genes. In order to clarify the function of the araR product for ara gene expression and its association with CCR, a transcriptional analysis was performed using the wild-type strain and araR deletion mutant CRA15. The levels of expression of araA, araB, and araD and the level of expression of araE (encoding a putative L-arabinose transporter) were more than 43-fold and 50-fold higher, respectively, when the wild-type strain was grown on L-arabinose than when it was grown on D-glucose (Table 3) . Significantly higher levels of expression of these four genes were also observed for wild-type cells grown on L-arabinose plus D-glucose. Inactivation of araR allowed induction of the L-arabinose regulon even in the absence of L-arabinose, suggesting that AraR could serve as a transcriptional regulator. As observed for the wildtype strain, the inhibitory effect of D-glucose on L-arabinose regulon expression was not observed in CRA15 cells during L-arabinose metabolism. Consequently, the levels of expression of the araBDA genes and araE gene in the CRA15 cells under all of the conditions tested were more than 6.6-fold higher than the levels of expression in the wild-type strain grown on Dglucose. In contrast, the level of expression of galM encoding a putative aldose 1-epimerase hardly varied under all of the conditions examined. The level of expression of araR was more than 5.9-fold higher when wild-type strain was grown on Larabinose than when it was grown on D-glucose, and induction was not repressed in the presence of D-glucose. These observations suggest that expression of araA, araB, araD, and araE is L-arabinose inducible owing to the derepression controlled by the repressor AraR and that the regulatory scheme is not subject to CCR by D-glucose.
AraE is responsible for L-arabinose uptake. In order to clarify the role of araE encoding an L-arabinose-inducible transporter, araE was disrupted by markerless deletion, yielding strain CRA14 (Table 1) . To evaluate whether L-arabinose uptake into cells is mediated by the AraE protein, the aerobic growth of araE mutant strain CRA14 was compared to that of wild-type strain ATCC 31831 (Fig. 6) . In a medium containing 40 g liter Ϫ1 of L-arabinose as the sole carbon source, both the wild-type and araE mutant strains grew aerobically and reached the same cell density, although the specific growth rate of araE mutant CRA14 (0.30 h Ϫ1 ) was lower than that of the wild-type strain (0.37 h Ϫ1 ). In medium containing 3.6 g liter 
DISCUSSION
We confirmed in this study that C. glutamicum ATCC 31831 grew on L-arabinose as the sole carbon and energy source at a specific growth rate that was twice that on D-glucose (Fig. 3) . The growth rate on L-arabinose was so high that it was comparable to that of C. glutamicum R grown on D-glucose reported previously (27) . The genus Corynebacterium is closely related to Mycobacterium and Nocardia, among other genera which form the suborder Corynebacterineae (37) . Among the high-GϩC-content gram-positive bacteria, M. smegmatis and B. adolescentis NCFB 2230 are known to grow on L-arabinose as the sole carbon source (6, 22) , whereas L-arabinose utilization by C. glutamicum has not been reported previously. Of 10 C. glutamicum strains tested, only ATCC 31831 grew well on L-arabinose as the sole carbon source. The gene cluster associated with L-arabinose utilization was present on the chromosome of C. glutamicum ATCC 31831 ( Fig. 2A) , and this has not been observed for any other corynebacterium to date.
Sequence analysis revealed that three L-arabinose-catabolizing genes of C. glutamicum ATCC 31831 comprise the araBDA operon ( Fig. 2A) . This order is identical to that in M. smegmatis (53) but not to that of the E. coli araBAD operon (34) or the B. subtilis araABDLMNPQ-abfA operon (46) . The products of all six genes comprising the ara cluster of C. glutamicum ATCC 31831 showed significant, high levels of identity to the corresponding proteins of closely related L-arabinose-metabolizing strains, such as Mycobacterium and Nocardia strains, rather than to the proteins of E. coli and B. subtilis (Table 2) , supporting the view that the L-arabinose utilization system is fundamentally well conserved in the Actinobacteria evolutionary line. Nevertheless, it is unlikely that the araBDA operon is native to corynebacteria since there has been no report of homologues of L-arabinose-catabolizing genes in other corynebacteria. In addition, the GϩC content of the 7.8-kb region between araE and araA (63%) is closer to the GϩC contents of regions in related Actinobacteria, such as A. aurescens TC1 (62.4%), Acidothermus cellulolyticus 11B (66.9%), M. smegmatis strain mc 2 155 (67.4%), and Propionibacterium acnes KPA171202 (60.0%) than it is to the GϩC contents of both adjacent sides on the chromosome (55%) (Fig. 2B) . The average GϩC contents of corynebacterial chromosomes are 51 to 59%. Moreover, the highest-frequency codons for both aspartate and glutamate in the 7.8-kb region are the same as those in M. smegmatis strain mc 2 155, Nocardioides sp. strain JS614, C. michiganensis subsp. michiganensis NCPPB382, and P. freudenreichii subsp. shermanii rather than those in C. glutamicum R and strain ATCC 13032.
C. glutamicum is widely disseminated in nature and has been isolated from a number of different environments other than soil (36) . C. glutamicum ATCC 31831 is derived from C. glutamicum ATCC 31830, which was isolated from a soil sample, by curing the pCG4 vector (25) . Some species of the genera Mycobacterium and Nocardia, which are closely related to Corynebacterium, are capable of catabolizing L-arabinose, and most of them are of soil origin (33, 58) . Thus, it seems more likely that the ara gene cluster of strain ATCC 31831 was acquired from another high-GϩC-content gram-positive bacterium present in soil by a recent horizontal transfer event after the phylogenic branch containing the genus Corynebacterium appeared.
The predicted amino acid sequence encoded by araE of C. glutamicum ATCC 31831 showed high levels of similarity to the sequences of a LacY symporter and an H ϩ symporter, indicating that AraE of strain ATCC 31831 can serve as an H ϩ symporter for L-arabinose uptake, like B. subtilis AraE, which exhibits 36.5% similarity to its E. coli counterpart (encoded by araE) (45) . Indeed, expression of the araE gene was L-arabinose inducible, like expression of the araBDA operon (Table  3) , and disruption of araE resulted in a reduced growth rate only at lower L-arabinose concentrations (3.6 g liter Ϫ1 ) (Fig. 6) . However, the araE disruption mutant was still able to grow on L-arabinose. The mechanism of L-arabinose transport in other high-GϩC-content gram-positive bacteria, such as M. smegmatis and B. longum, remains unclear (40, 53) . Some C. glutamicum strains can transport L-arabinose through a low-affinity uptake system, or L-arabinose can diffuse through aqueous channels, although the permeability of these channels for Larabinose is low (2, 54) . The previous observation that the specific rate of consumption of L-arabinose by a recombinant of C. glutamicum R with E. coli L-arabinose-metabolizing genes gradually decreased with decreasing concentrations of L-arabinose supports this view (26) . As a result, the possibility that L-arabinose transport in C. glutamicum ATCC 31831 occurs via more than one mechanism, including both specific ATPasedependent transport systems and low-affinity nonspecific transport systems, cannot be ruled out.
The fact that the expression of the araBDA operon and araE is induced by L-arabinose but not by D-glucose indicates that there is an L-arabinose-specific regulatory system in C. glutamicum ATCC 31831. Inactivation of araR resulted in upregulation of the L-arabinose regulon in the absence of L-arabinose (Table 3) . A similar observation was made for a B. subtilis araR mutant (47) , implying that AraR of strain ATCC 31831 can serve as a transcriptional repressor of the regulon. The predicted primary structure of AraR of C. glutamicum ATCC 31831 is similar to that of B. subtilis AraR belonging to the LacI/GalR repressor group, as well as to that of E. coli LacI (lactose operon repressor) and that of PurR (purine nucleotide synthesis repressor) (13) , although the level of similarity of the amino acid sequences of the two AraR proteins was less than 10%.
Nevertheless, the response of AraR of C. glutamicum ATCC 31831 to D-glucose is apparently distinct from the responses of conventional L-arabinose regulators. CCR in bacteria is generally considered a mechanism that evolved to ensure sequential carbohydrate utilization (15) . In E. coli, L-arabinose was neither transported nor utilized immediately in the presence of a low concentration of D-glucose (35) . E. coli AraC and B. subtilis AraR inhibit the expression of genes responsible for L-arabinose utilization in the presence of D-glucose (16, 47) . The utilization of L-arabinose by both E. coli and B. subtilis is highly sensitive to CCR mediated by a global regulator, such as E. coli cyclic AMP receptor protein (23) and B. subtilis CcpA (19) . In contrast, L-arabinose-inducible expression of the araA gene in M. smegmatis is not repressed by D-glucose, although the regulatory mechanism is unclear (50) . Similar phenomena were observed in the present study, which showed that expression of the L-arabinose regulon of strain ATCC 31831 was not inhibited in the presence of D-glucose ( Table 3 ), indicating that the LacI-type regulator AraR controls the L-arabinose regulon but the regulatory mechanism is not subject to D-glucose repression. Indeed, C. glutamicum ATCC 31831 exhibited simultaneous utilization of D-glucose and L-arabinose (Fig. 5) . In aerobically growing C. glutamicum cells, a D-glucose-independent regulatory mechanism mediated by the FadR-type regulator LldR was observed in L-lactate metabolism (14) but not in the metabolism of a non-phosphotransferase system sugar, such as L-arabinose. Recently, a few transcriptional regulators responsible for comprehensive control of sugar metabolism have been observed for C. glutamicum, such as GlxR and SugR (28, 51) . However, the participation of CCR in the metabolism of a non-phosphotransferase system sugar, L-arabinose, remains to be determined. Further examination of the repressor AraR involving analysis of the structure of the ligand binding site and transcriptional analysis of the AraR binding promoter region should clarify the unexplained regulatory mechanism.
In conclusion, the results presented here demonstrate a unique feature of L-arabinose utilization in C. glutamicum ATCC 31831. The simultaneous utilization of L-arabinose and D-glucose by this strain indicates that it has considerable potential for exploitation of hemicellulose. Unlike the situation in E. coli, no effective gene expression system, such as the lac system, has been developed for C. glutamicum to date. The regulatory mechanisms demonstrated in this study are potentially useful genetic engineering tools for C. glutamicum cells because a nonmetabolizing sugar, L-arabinose, can be used as an effector and induction is not repressed during D-glucose metabolism. Although CCR is an important global regulatory mechanism in most heterotrophic bacteria, very little is known about this mechanism in C. glutamicum and its relevance. A detailed study of the unique regulatory mechanism involving the transcriptional regulator AraR described in the present study should increase our understanding of the molecular basis of CCR in this bacterium.
